Abstract. The 3H-3He age of a water mass is a measure of the time that has passed since the water mass was last in contact with the afinosphere. Between 1992 and 1995 a detailed study of3H-3He ages was conducted in Lake BaikaI, the deepest and largest lake by volume on Earth, to investigate deep water renewal in its three major basins. Maximum 3H-3He ages are 14-17 years in the southern basin, 16-18 years in the central basin, and 10-11 years in the northern basin. Rates of renewal of deep water with surface water, deduced from volume-weighted mean 3H-3He ages below 250 m depth, are ab out 10% yr-l in the southern and central basins and 15% yr-l in the northem basin. In the southern basin the mean 3H-3He age below 250 m depth increased steadily from 9.6 years in 1992 to 11 years in 1995, indicating a slight diminution in deep water renewal during this time. Bottom water renewal by largescale advection was estimated from the mass balance of 3He in the 200 m thick bottom layer of each basin. Bottom water renewal rates in the northern basin were found to be between 80 and 150 km3 yr-l and in the central basin between 10 and 20 km3 yrl, whereas in the southern basin they were ~racticaIly zero. Correlating oxygen and dissolved helium-4 concentrations with 3H-He age aIlowed us to determine the mean hypolimnetic oxygen depletion rate in the water column (4.5 ~mol L -1 yr-l), as weIl as mean helium fluxes from the lake bottom (2.8 x 1011 atoms m-2 s-l in the northem basin, and 1.3 x 1011 atoms m-2 s-l in the central and southern basins). The helium isotope ratio of the terrigenic helium component injected from the lake bottom, determined from measurements of water from hydrothermal springs in the vicinity ofthe lake, was found to be ~2.2xl0-7.
Introduction
Lake Baikai, located in the Great Baikai Rift zone of eastem Siberia, is the deepest (1632 m) and largest (23,015 km3) lake by volume on Earth. It ho1ds aboutone fifth of the global fresh (liquid) surface water. The lake is divided by underwater sills into three main basins (Figure 1 ): the southem basin (maximum depth of 1432 m), the central basin (1632 m), and the northem basin (897 m). The three major rivers ente ring the lake, the Selenga, the Upper Angara, and the Barguzin, account für more than 70% of the total annual river inflow. The on1y outflow is the Angara at the southwestem end ofthe lake. Lake Baikal is the oldest of all existing lakes; the Baika1 tectonic depresINow at Lamont-Doherty Earth Observatory, Palisades, New York.
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Paper nurnber 97JCO2218. 0 148-0227/98/97JC-O2218$O9.00 11, sion is thOUght to have fonned as early as the Oligocene [Golubev et al., 1993] . Basin sediments, which are several kilometres deep, record more than 15 Myr of the lake's history [Lake Baikai Paleoclimate Project Members, 1992] . During this time a rich endemic flora and fauna has evolved.
Despite the lake's great depth, dissolved oxygen concentrations exceed 80% relative saturation throughout the entire water column. The high oxygen concentrations indicate (1) that oxygen consumption in Lake Baikal is small and (2) that deep water renewal is surprisingly rapid. The latter point raises the question of the intensity of deep water renewal and ofhow it occurs in this deep lake. A fIrst estimate of the deep water renewal rate was derived by Verbolov and Shimaraev [1973] from the product of estimated vertical velocities and the estimated areas of regions where deep water fonnation is likely to occur. The authors concluded that complete exchange between surface and internal waters takes place within 11 years. First 3H-3He ages were detennined by Craig [1989] , who reported a maximum 3H-3He age of 18 :!: 4 years for the central basin.,823 First publ. in: Journal of Geophysical Research 103 (1998), C6, pp. 12,823-12,838 Konstanzer Figure 1 . Map ofLake Baikal with isobaths at 400, 700, and 1000 m depth. The Selenga, Upper Angara, and Barguzin Rivers are the main inflows, the Angara River at the southwestem end of the lake being the only outflow. The lake is divided into three basins; SI, Cl, and NI mark the deepest points (solid circles) ofthe southem, central, and northem basins, respectively. Sampies from S2, C2, C3, C4, and N2 (circled crosses) were included in the calculation of volume-weighted mean concentrations.
Hydrothermal springs (open circles) are Khakusy Hot Spring (Ksy), Frolikha Bay (FB), Zmeinnyi Istochnik (Z), and Kotelnikovsky (Kot) . K2 (open square) is a sampling station in the Kukui Canyon.
Weiss et al. [1991] showed that chlorofluorocarbon-12 (CFC-12) ages ca1culated from the vertical distribution of CFC-12 ..Je< 16 years in the entire lake. Based on these data and on dissolved oxygen concentrations, Külworth et al. [1996] deve10ped a oDe-dimensional inverse model to calculate annually averaged fluxes. Their "ventilation times" below 400 m depth, derived by fitting modeled tracer concentrations to observed data, are in good agreement with the CFC-12 ages obtained by Weiss et al. [1991] . A three-dimensional model to study the intensity and scale ofplumes involved in the formation of deep water in deep temperate lakes was developed by Walker and Watts [1995] . Weiss et al. [1991] suggested that the so-called thermobaric instability, which is linked to the pressure dependence ofthe temperature ofmaximum density (Tmd), is the key process controlling deep water ventilation in Lake Baikal. Shimaraev et al. [1993] interpreted the thermal bar which develops along most of the shoreline of Lake Baikal in spring as the maiD trigger of deep water formation. However, Peeters et al. [1996] were able to show thatconvection related to the thermal bar is restricted to the uppermost 500 m of the water column. A more general analysis of processes of deep water renewal, including the effect of salinity on water density, was presented by Hohmann et al. [1997] . On the basis of a thorough theoretical analysis of stability and neutrally buoyant transport in lakes [Peeters et al., 1996] and on a detailed set of conductivity-temperature-depth (CTD) da(a the authors showed (1) that the Selenga River is important für deep water renewal in the central basin and most likely also in the southem basin, and (2) that deep water renewal in the northem basin is brought about mainly by a combination of small salinity and temperature gradients between the central arid northem basins.
The 3H-3He method was introduced into oceanographic research by Jenkins and Clarke [1976] and was subsequently applied in numerous studies [e.g., Andrie et al., where V/( z', z') is the local adiabatic density lapse rate of the background fjeld at depth z',
The quasi-density depends on the distribution of 8, S, and p in the water column. The gradient of Pqua is proportional to the Brunt-Väisälä frequency Nz2. A water column is locally stable if Pqua increases with depth (i.e., if Pqua decreases with z).
1988; Jenkins, 1987; Schlosser et al., 1990] . Compared to its use in oceanography, relatively little effort has been made to employ it routinely in limnology, despite the fact that the timescale covered by the 3H-3He method matches the timescale of mixing processes in lakes [Schlosser, 1992] . Torgersen et al. [1977] were the first to apply this method to limnic systems, using it to estimate gas exchange rates, gas renewal at turnover, and vertical diffusivity in the epilimnion in Läkes Erie, Huron, and Ontario. Since then, the method has been applied successfully in the analysis of vertical exchange, exchange between läke basins, oxygen consumption and gas exchange, groundwater influx and helium flux from the läke bottom (e.g., in Läke Baldegg (Switzerland) [Imboden et al., 1981] , Green Läke (New York) [Torgersen et al., 1981] , Königsee (Germany) [Fischer et al., 1985] , Lake Constance (Germany) [Zenger et al., 1990] , Läke Van (Turkey) [Kipfer et al., 1994] , and Lake Luceme (Switzerland) [Aeschbach-Hertig et al., 1996a] ). In this paper we present a detailed set of helium, neon, and tritium concentrations from sampies collected in Läke Baikal between 1992 and 1995. Deep water renewal rates in the three major basins are derived from 3H-3He ages calculated from 3H and 3He concentrations. Oxygen consumption rates and the 4He flux from the läke bottom are estimated by correlating observed values of the oxygen deficit and 4He excess with calculated 3H-3He ages. Advective bottom water renewal is calculated from the 3He mass balmice in the deepest 200 m layer of each individual basin. A six.box model of Läke Baikal, which is based on the data presented hefe and on CFC-ll and CFC-12 concentrations, is discussed by Peeters et al. [1997] .
Noble Gas Analysis
Water sampies for noble gas analysis were taken using 5 L Niskin bottles. The error in the sampling depth was estimated as I 3%. On board, the water was immediately transferred to 45 mL copper tubes, which were then tightly sealed using pinch-off clamps.
lnthe laboratory, light noble gases were analyzed according to the procedure described by Kipfer et al. [1994] . The sampIes were connected to the inlet of a UHV system, and the dissolved gases extracted from the water were transferred into the purification section, where all gases except He and Ne are removed by severalliquid-nitrogencooled traps and getters (S.A.E.S. C50, NP 10, Zr-Ti bulk getter). The He and Ne remaining were then separated in a cryogenic cold trap, and the concentrations were measured in two different static mass spectrometers. After extraction the degassed water was transferred back into the original copper tube. Several months later, the sampies were reanalyzed for 3He produced by the decay of tritium.
Noble gas concentrations and isotopic composition were regularly calibrated against an air standard. Aliquots of an internal freshwater standard were routmely analyzed for quality control purposes. The standard deviation of the measured concentrations of these aliquots corresponds to the reproducibility of the measurement procedure, including that associated with gas extraction and purification. Except for the sampies collected in fall 1994 the reproducibility was better than I 0.5% for the helium isotope ratio and about I 1 % for noble gas concentrations. The tritium concentrations calculated from the 3He produced by the decay of tritium during storage have an error of I 3%. To account for the additional uncertainty related to sampling depth, the estimated depth error (I 3% of total depth) was multiplied by the absolute value of the mean gradient of the ttleasured concentrations. The total uncertainty in the concentrations and ratios at a certain depth was calculated as the square foot of the sum of the squares ofthe individual errors.
The quality of the sampies collected in 1994 tumed out to be impaired for two reasons: (1) because of stormy weather the sampling depth was less precisely ktlown and (2) a leakage in the purification liDe affected some of the sampies. Since it was not possible to eliminate these effects, the 1994 data will not be considered in the following discussion.
.Methods

CTD Measurements
Temperature, conductivity, and pressure were recorded in situ with an SBE-9 on-line CTD probe from Seabird Electronics. The probe has aresolution of 0.025 dbar für pressure, 0.0003 K für temperature, and 0.01 ~S cm-l für conductivity. The usual drift of the temperature sensor is 0.004 K yr-l. Oxygen concentrations were calibrated with Winkler titration data (accuracy of 0.3%) provided by T. Khodzher (unpublished data, 1993) .
Ionic salinity Sc, defined as the total mass of dissolved ions per unit mass of solute, was determined from the electrical conductivity and average chemical composition of Baikal water [Falkner et al., 1991] according to the procedure described by Hohmann et al. [1997] . Potential temperature () and water density were calculated from the CTD data and the concentration of silicic acid (Si(OH)4), the only nonionic species that significantly influences spatial density gradients. Because of the lack of more detailed information the distribution of silicic acid für the period 1994-1995 was determined using data provided by T. Khodzher (unpublished data, 1993) .
The quasi-density Pqua' a measure which proves to be most adequate für determining the local stability of the water column in deep lakes, was calculated according to Peeters et al. [1996] as (1) 2.3. CalculatioD of 3H-3He Age
The 3H-3He age 'f was calculated from the following basic equation [Torgersen et al., 1977] , H More details regarding the noble gas analysis are given by Kipfer et al. [1994] and Aeschbach-Hertig et al. 1996b] . A detailed desc?ption ofthe c~lcula!ion ofthe 3H-He ~ge can be found m Aeschbach.;.Hertlg [1994] and Aeschbach-Hertig et al. [1996a] .
Results
The data presented hefe were collected during four cruises organized by the BaikaI International Center of Ecological Research (BICER) during luly 5-15, 1992; May 18 to lune 26, 1993; October 21 to November 14, 1994; and May 11 to lune 4, 1995 . From aboard the research vessel R/V Vereshchagin, more than 600 cm profiles were recorded, and a total of 281 wateT sampIes fOT noble gas and tritium analysis were collected. where ).= 0.05576 year-l is the decay constantoftritium [Unterweger et al., 1980] . 3H and 3H~i are the concentrations of tritium and tritiogenic helium, i.e., the helium produced by the decay of tritium. The former concentration is usually given in tritium units (TU, 1 TU being equivalent to a tritium/hydrogen ratio of 10-18), the latter in Cttl3 STP g-i (1 cm3 STP g-I = 4.019x 1014 TU).
The tritiogenic helium concentration 3Hetri was calculated as foliows: 
where the subscript m refers to measured concentrations, subscript eq to solubility equilibrium concentrations, subscript ex to atmospheric excess concentrations, subscript ter to terrigenic concentrlitions, and R refers to the corresponding 3He/4He ratios. Equilibrium concentl"atiöns were calculated according to Weiss [1971] . The helium isotope ratio in water in equilibrium with the atmosphere is Req = 1.36x 10-6 [Benson and Krause, 1980] . The atmospheric helium excess 4Heex is assumed to originate from the complete dissolution of air (e.g.,' from injected air bubbles) without fractionation. It was calculateci only für sampies with a neon excess (defuled as the difference between the measured Ne concentration and the atrriospheric equilibrium concentration) greater than 2%, which is indicative of atmospheric contari1ination. For such sampies, 4~eex was calcula.ted ~y multiplying the total Ne excess wlth the atttlosphenc ratio 4He;2ONe (0.318 [Ozima and Podosek, 1983] ). The atmospheric helium isotope ratio is Ratm = 1.384x 10-6 . The value of 4Hetei is the 4He excess remaining after correcting für air. It cottlprises helium from both the Earth's mantle and ernst. The value of Rter is discussed below.
Vertical Density Stratification
In Figure 2 , profiles of potential temperature (), ionic salinity Sc, oxygen concentration [02] , and quasi-density Pqua [Peeters et al., 1996] are illustrated. These profiles were measured at the deepest station of each basin (marked by solid circles in Figure 1 ) in May 1995, shortly after breakup. The temperature profiles (Figure 2a ) are characteristic of a typical winter stratification. Near the surface the water column is inversely stratified with respect to temperature. The temperature reaches its maxinium, the so-call~d mesothermal temperature maxinium, where it is equal to the t~mperature of maximum density (thin dotted line in Figure 2a ) at ab out 200 m. Below this depth it decreases steadily. The bottom temperature is about 3.4°C in the southem and northem basins and 3.1oC in the central basin.
Ionic salinity is low, and its gradients ( Figure 2b ) are rather smalI. Below 50 m and between the individual basins, salinity varies by < 1 mg kg-l. The vertical salinity distribution in the southem and central basins is siniilar. The destabilizing effect of the slight salinity drop with depth in the interior of these basins is compensated for by 0 1-O"'-~~.!; ;.,.1.~~ .~.,
-'-;\-r,;:-=-":2-~"""- Figure 2a is the temperature ofmaximum density Tmd. The influence ofnonionic silicic acid was included in the calculation of quasi-density .
the gradient of (J. In the central basin, there is a distinct salinity increase in the deepest 100 m that is also observed in the southem basin, although less pronounced. In the northem basin, salinity is significantly lower than in the other basins. Here it increases steadily with depth and thus contributes tö the vertical stability of the water column.
The maximum value close to the surface in the northem basin is most likely due to the salinity increase resulting from the formation of ice in early winter. The steady increase in quasi-density with depth in all three basins (Figure 2c ) illustrates th~t the combined effects of temperature and salinity (including the contribution of silicic acid) is to produce a stable stratification [Peeters et al., 1996] . The thermocline at about 100 m depth marks the zone of maximum stability, i.e., the zone with the largestgradient of Pqua. This gradient is small near the mesothermal temperature maximum, indicating that the stratification is weak. A pronounced increase in Pqua near the bottom of the central basin implies the existence of a stably stratified boundäry layer.
Despite the great depth of Lake Baikal, oxygen concent rations are high throughout the entire wafer column ( Figure 2d ). Even at the bottom of the lake, the relative oxygen saturation generally exceeds 80%.
3.2. Distribution of He, Ne, and 3H in the Water Column Table I sumrnarizes the concentrations of helium, neon, and tritium observed b~tween 1992 and 1995 at the deepest station of each basin. In Fi~re 3 the helium isotope ratio 3He/4He .is plotted against the correspondin~ elem.entai Ne/He ratIo (expressed as 2~e/4He). The 3He/ He ratlos of all sampIes clearly differ from the 3He/4He ratio of air-satUrated wateT (ASW) established by gas exchange at the lake surface. Provided that there is no input of helium from thẼ arth's mantle, deviations flom atmospheric equilibrium toward larger 3He/4He ratios are generally causetlby excess 3He produced by th~ decay of tritium [Torgersen et al., 1977; ./mboden et al., 1981; Aeschbach-Hertig et al., 1996a] . In contrast, deviations from atmospheric equilibrium toward 10wer 2~e/4He ratios indicat~ the presence of a crustal component which is virtually free of neon and has a low 3He/4He ratio [Aeschbach-Hertig et al., 1996a; Kipfer et al., 1996] . Because, formost 2~e concentrations (except für the contaminated sampIes ofthe 1994 sampling campaign), deviations from atmospheric equilibrium were < 2%, the obsetved helium anomalies cannot be explained in terms öf an atmöspheric source.
With respect to the isotopic composition of the light noble gases the wateT masses in the central and southem basins are similar. The 3He/4He ratios are rather large, indicating that the wateT is enriched in tritiogenic 3fIe. However, the ratios do not fall on the tritiogenic line. Instead, the 2~e/4He ratio tends to decrease with an increase in the helium isotope ratio, indicating that a terri-:genic helium component is present. Because Lake Baikal is sitUated in a latge continental lift, a crustal helium component which lias a typical 3He/4He ratio ofabout 2x 10-8 [Mamyrin and Tolstikhin, 1984] is more likely to be present than a mantle helium component with a typical 3He/4He ratio ofthe order of 10-5. This assumption is supported by the fact that helium isotope ratios measured in hydrotbermal waters from the Baikal area are affected by the presence of crustal helium . In the northem basin the terrigenic component is more pronounced than in the other two basins, and the 2oNe/4He ratios are therefore smaller. The 3He/4He ratios observed in the northem basin are also smaller than those in the other two basins.
The difference between the individual basins can also be seen in the 4He concentrations. Terrigenic 4He concentrations, calculated as 4Heter = 4Hem -4Heeq -4Heex at in situ wateT temperature are plotted in Figure 4a . The distribution of 4Heter in the southem and central basins is rather simililr; concentrations are close to saturation at the lake sUrfa(:e and increase slightly with depth. The terrigenic 4He component 4Heter is largest in the northem basin: It reaches about 18% of the atmospheric equilibrium concentration at the bottom of the basin in 1992 (4Heeq = 4.54 x 10-8 cm3 STP g-l for T = 3.5°C, S = 100 mg kg-l, andp = 958.9 mbar [Weiss, 1971] ).
The 3He excess remaining after correcting'for excess air, 3He*ex, is shown in Figure 4b . It combines the tritiogenic and terrigenic 3He components. The horizontal gradients of 3He*ex between the individual basins are surprisingly smalI. The 3He*ex concentrations increase steadily from nearly zero at the sUrface to reach maximum values at about 100-300 m above the bottom. The largest 3He*ex concentrations are found in the central basin, where they reach 100% of3Heeq .In all three basins, 3He*ex decreases significantly in the bottom 100--300 m.
From 1992 to 1995, tritium concentratioris ( Figure 4c ) in the top 600--1000 m decreased by up to 4 TU. Note that radioa(:tive decay during this 3 year period accounts für a decrease of about 16%, or about 3 TU of the initial 20 TU. The relative shape ofthe tritium profile did not change significantly during this period in the southerri and central basins; concentrations are fairly homogeIieous in the top 500 m and decrease slightly toward the bottom. In the northem basin, however, the decrease in tritium concentrations observed in the deep waters between 1992 and 1995 was only about 1 TU, which is less than expected from radioactive decay. Consequently, the vertical gradient of the 3H concentrations changed sign. Whereas in 1992 the concentration decreased slightly with depth below 300 m, the 1995 observations show an increase of about 2 TU below 600 m. Because in 1992 the 3H concentrations in the sUrface layer were larger than those in the deep waters, the revers al of the gradient observed between 1992 and 1995 implies that significant quantities of sUrface water from either the central or the northem basin must have been transported into the depths ofthe northem basin.
Although the temporal variation of the helium isotope Goncentration is fairly complex, the vertical distribution of the 3He/4He ratios remained remarkably constant in all basins between 1992 and 1995 ( Figure 5 ). At the water sUrface the 3He/4He ratios are close to the solubilitY equilibrium (Req=I.360xl0-6 [Benson and Krause, 1980] ) and increase steadily with depth. Maximum values are reached at the bottom in the söuthem basin and at 100--300 m above the bottom in the central and northembasins.
Helium Isotopes in Hydrothermal Springs
In order to detennine the isötope ratio of the mjected terrigenic helium component, water flom hydrothermal sprmgs near the shore of the northem basm was analyzed (highest value) and Zmeinnyi Istochnik (lowest value).
The absence of a comparable neon excess implies that the helium is not of atmospheric origin but represents the terrigenic helium component. In contrast, the isotope ratios vary by only a factor of 10. The .1owest 3He/4He ratios were measured in sampIes with the hi~est 4He concentrations (Kotelnikovsky), and the highest He/4He ratios were meafor helium and neon. A fIrst estimate of the 3He/4He ratio of the injected terrigenic component was calculated by Kipfer et al. [1996] based on two sampIes taken at the Khakusy hot spring (see Figure 1) . Additional data are given in Table 2 . In all hot spring sampIes the 4He concentration is very large. It varies by a factor of 50 between Kotelnikovsky~, /#:It ' The 3H-3He ages were calculated according to (3). The 3H-3He age yields merely an estimate of the true age, defmed as the time since the water was last in contact with the atmosphere [Mamyrin and Tolstikhin, 1984; Torgersen et al., 1977] . Since the 3H-3He age is a nonlinear function of 3H and 3Hetri, mixing may result in a discrepancy between it and the true age, especially if 3H gradients are large and if tritium concentrations in the lake are not at steady state Aeschbach-Hertig, 1994] . In particular, the nonlinearity of (3) gives rise to two specific effects: (I) The 3H-3He age ofamixture oftwo water masses with different 3H concentrations is biased toward the 3H-3He age of the component with the higher 3H concentration; and (2) because of the logarithm in (3) the 3H-3He age always overestimates the true age of a mixture oftwo water masses. sured in sampies with the lowest 4He concentrations (Zmeinnyi Istochnik). All 3He/4He ratios are significantly lower than the atmospheric ratio but are higher than that of helium from the stable continental crust (Rcr = 2 x 10-8; [Mamyrin and Tolstikhin, 1984] ). This indicates that, in addition to the helium from the Earth's crust, small amounts öf mantle helium mayaiso be present.
The measured helium isotope ratios are in excellent agreement with the data published by Polajak et al. [1992] . Unfortunately, no information on the discharge of the different hydrothermal springs is available, so that the average composition of the helium injected into Lake Baikal cannot be calculated by weighting the measured ratios with the flow rates. The mean value ofthe measured ratios (Rter = 2.2::1:1.8 xl 0-7; the sampies from Khakusy were treated as a single value) was therefore used in the following discussion. A similar value was reported by Craig and Lupton [1978] für the helium injected into Lake Tanganyika (= 4x 10-7). 
Frolikha Bay Zmeinnyi Istochnik Kotelnikovsky
The 4He concentrations and 3He/4He ratios were corrected für air contamination using 2oNe excess at the in situ temperature. The atmospheric equilibriwn concentration of neon is between 1.42 x 10-7 cm-3 STP g-1 (at T= 36 °C) and 1.06 x 10-cm-3 STP g-l (at T = 80.5 °C) [Weiss, 1971] .
aYalues are from Kipfer et al. [1996] .
. ofLake Baikal the 3H-3He age generally yieldsan overestimate ofthe true age ofthe mixed water mass. However, since the discrepancy does not exceed 10%, the 3H-3He age can be used as a fIrst-order estimate to quantify mixing processes in the lake. The value of 3Hetri was calculated from (4) using the 3He/4He ratio of the injected terrigenic component determined in section 3.3 (Rter = 2.2 x 10-7). The error in the 3H-3He age caused by the uncertainty in Rter is negligible. A maximum terrigenic 4He excess of about 18% was observed at the bottom of the northem basin in 1992. The corresponding terrigenic 3He excess is -2.7%, compared to the tritiogenic 3He excess of about 58%. With Rter= 4x 10-7 the terrigenic 3He excess would be 5.3%, the tritiogenic component would therefore be 55.4%, and the 3H-3He age would decrease from 10 to 9.7 years.
The 3H-3He ages in the three basins from 1992 to 1995 are shown in Figure 7 . Again, the similarity of the curves in all three basins is remarkable; the 3H-3He ages increase steadily with depth from values close to zero at the lake surface to their maxima at about 100-300 m above the lake bottom. The greatest 3H-3He ages found were 13-17 years in the southem basin, 16-18 years in the central basin, and 10-11 years in the northem basin. The maximum value found in the central basin agrees weIl with the age of 18 years reported by Craig [1989] . In the bottom waters ofall basins the increase in 3H-3He age with depth is halted (southem and central basins) oi even reversed (northem basin, sometimes in the central basin). The particular shape ofthe 3H-3He age curve and its temporal evolution implies (1) that the bottom layer is renewed more efficiently than the water masses found directly above the bottom layer and (2) that the intensity of this renewal differs from basin to basin and from year to year.
In the southem basin the 3H-3He age remains fairly constallt in the water column above 1000 m depth during the period 1992-1995. In contrast, the 3H-3He age in the . Comparison between the 3H-3He age (dotted line) and the true age (solid linel of a mixture of BaikaI surface wateT (3H = 18 TU; 3H-He age 't = 0) and deep water (3H = 16 TU; 't = 10). Here 11 is the relative proportion of surface water.
In the case of Lake Baikal these effects cancel each other out to some extent. Except foT the 3H profile measured in the northem basin in 1995 (Figure 4c ), 3H concentrations decrease with increasing depth, so that the former effect leads to a slight underestimation of the true age of the deep waters. Furthermore, 3H gradients in the lake are smalI, and deviations caused by the nonlinearity of (3) are therefore also expected to be smalI. The 3H-3He age and the true age of a mixture of Baikai surface wateT (3H = 18 TU; 3H-3He age't = 0) and deep wateT (3H = 16 TU; 't = 10) are compared in Figure 6 In the central basin, variations of 3H-3He age with time and depth are more complex. Minor variations in the upper 600 m may be caused by convection triggered by the thermal bar thai develops along the shore in early summer [Shimaraev et al., 1993] . However, the vertical resolution of the data is not sufficient to identify specific mixing processes. In the bottom layer a distinct decrease in 3H-3He age with depth was observed in 1992 and 1995, hut in 1993 the 3H-3He age was approximately constant below 1300 m. It appears that on average, mixing events keep the 3H-3He age at near steady-state values.
In the northern basin, temporal changes in 3H-3He age occur mainly below 600 m depth. Near the bottom the 3H-3He age decreased from 10 years in 1992 to 8.5 years in 1993 hut remained fairly constant from 1993 to 1995.
In summary, between 1992 and 1995, the 3H-3Heage in the surface and intermediate layers of all basins remained approximately constant; that is, the increase in 3He concentration owing to the radioactive decay of tritium was balanced out by the decrease owing to the flux of excess 3He to the atmosphere by vertical mixing and gas exchange. A different picture was found in the bottom layers. In the southern basin the 3H _3He age increased steadily during the observation period, indicating that the renewal of the bottom layer was proceeding less efficiently than in previous years. In the central and northern basins, renewal of the bottom layer varied from year to year, hut on average the 3H-3He age was practically constant.
The calcuJation of the volume-weighted mean 3H-3He ages is based on sampies from stations S2, C2, C3, C4, and N3 (see Figure 1) . The wateT volumes belo}Y 250 m depth are taten from Shimaraev [1994] . Here h is the mean depth of the basin below 250 m.
Comparison with CFC-12 Ages
The relative vertical distribution of 3H-3He ages observed between 1992 and 1995 is similar to the distribution ofthe CFC-12 ages in 1989 reported by Weiss et al. [1991] , although the 3H-3He method yielded larger values than the CFC-12 method. Maximum CFC-12 ages do not exceed 14 years in the southem basin, 16 years in the central basin, and 9 years in the northem basin. Rather than indicating areal age increase from 1989 to 1992, the differences between 3H-3He and CFC-12 ages are most likely caused by methodological factors. On the one hand, for instance, it was shown in section 4.1 that because of the nonlinearity of (3) the mixing of two water masses may result in the 3H-3He age overestimating the true age by up to about 10%. On the other hand, the CFC-12 ages given by Weiss et al. [1991] were derived from CFC-12 concentrations which bad been corrected für an undersaturation measured in the upper 250 m layer. This correction might result in a discrepancy between CFC-12 age and true age. Furthermore, as in the case ofthe 3H-3He age, mixing may cause the CFC-12 age to deviate from file true age because of the non linear evollltion ofthe atmospheric CFC-12 concentration. The observed discrepancy between the CFC-12 and 3H-3He ages is, to a large extent, likely to be due to a combination of these various effects.
Deep Wafer Renewal Rates
A detailed evaluation ofthe development of3H-3He ages in terms of deep water renewal rates requires the application ofa dynamic mixing model ofthe lake and information on the tritium input from the atmosphere during the last 30 years . However, even a simple approach based on volume-weighted mean 3H-3He ages below 250 m depth provides a reasonable estimate of the mean residence time of the waters in this layer (Table 3) . Deep water renewal rates are about 10% yr-l in the southem and central basins and ab out 15% yr-l in the northem basin. Corresponding mean vertical exchange velocities acrossthe250 m isobath are 71-81 m yr-l in the southem basin, 73-77 m yr-l in the central basin, and about 58-61 m yr-l in the northem basin. These values are in good agreementwith the mean value of 75 m yr-l given by Weiss et al. [1991] . In comparison, the vertical velocities of 30-150 m yt:-1 at 400 m depth reported by Killworth et al. [1996] seem rather large.
Note that inthe southem basin the mean 3H-3He age of the deep water increased steadily from 9.6 years in 1992 to 11 years in 1995, which caused the vertical exchange velocity to drop from 81 m yr-l to 71 m yrl. This is consistent with the observation made above that the renewal of the deepest 200 m of the basin was slight during the observation period.
Oxygen Consumption Rate
The 3H-3He age provides a natural timescale für the determination of oxygen consumption rates in aquatic systems [e.g., Jenkins, 1976 Jenkins, , 1987 Aeschbach-Hertig et al., 1996a] . Figure 8 shows the oxygen saturation anomaly calculated at the in situ temperature plotted against 3H-3He age below 200 m in an three basins für the years 1993 and 1995 (the oxygen data from the 1992 cruise are too sparse to be emp1oyed here). gince the regression shows neither significant differentes between the basins nor from year to year, the average oxygen consumption rate per unit volume, given by the slope of the regression liDe, seems to be constant in spate and time; J02 = (4.5 :t 0.3) ~ol L-I yr-l. To express the cönsumption rate per unit lake area, J02 has to be multiplied by the basin-specific mean depths. Because of its reduced mean depth the oxygen consumption per unit area would be smaller in the northern basin than in the other basms.
Oxygen is consumed both in the water column and at the sediment surface. Thus the rate calculated above combines both the volume (J02,V) and the areal (J02,A) oxygen sinks [Livingstone and Imhoden, 1996] . A rough estimate ofthe volume oxygen sink, J02,v = (4.2:t 0.5) ~öl L-I yr-l, is yielded by neglecting the data from the 200 m thick bottom layer of each basin, where the ratio of sediment area to water volume is particularly large and therefore the areal sink is expected to be important.
Both rates are similar to the values determined by Weiss et al. \1991] (4.5 ~mol L -I yr-1 below 250 m, 3.8 ~ol L -I yr-at middepth below 250 m) and by Ki//worth et al. [1996] (4.0-5.8 ~ol L -I yr-I). Furthermore, both values coincide remarkably weIl within the error associated with the linear regression, indicating that Qxygen consumption in Lake Baikal is dominated by the volume sink rather than the areal sink.
The 4He Flux From the Lake Bottom
A similar approach can be adopted to determine the flux of helium from the lake bottom. There is an excess of 4He in the deep water of all three basins (Figure 4a ). Excess 4He plotted against the 3H-3He age is shown in Figure 9 .
As a first approximation, the 3H-3He age is assumed to be independent of the flux of terrigenic helium from the lake botiom (Rter = 2.2 x 10-7), and thus the 4He flux per unit voJume from the sediment (JHe) can be estimated as the slope of the .]egression curve. Multiplying by the mean basin depth h yields the He flux per unit area, FHe (TabJe 4). Helium fluxes in the southern and central basins are similar (FHe ~ 1.3 X 1011 atoms m-2 s-l), while in the tectonica1ly most active northern basin the flux is significantly larger (F He ~ 2.8 x 1011 atoms m-2 s-l). This result is consistent with the large 4He excess observed in the water column ofthe northern basin. The 4He flux in Lake Baikai is about 1 order of magnitude larger than the average flux from the continental trust (~ 3 x 1010 atoms m-2 s-l [O'Nions and Oxburgh, 1983] ; values derived from helium accumulation rates in lakes and aquifers are similar [e.g., Aeschbach-Hertig et al., 1996a; Marty et al., 1993; O'Nions and Oxburgh, 1988] ). In Urnersee (a basin ofLake Lucerne, Switzerland), Aeschbach-Hertig et al. [1996a] determined a helium flux comparable to that found in Lake Baikai (1.4 x 1011 atoms m-2 s-l). Still larger helium fluxes into lakes are commonly related to the injection of mantle helium and are observed in lakes located in active tectonic or volcanic regions [e.g., Aeschbach-Hertig et al., 1996b; Collier et al., 1991; Igarashi et al., 1992; Kipfer et al., 1994; SanD et al., 1990] .
Multiplying the helium flux by the terrigenic isotope ratio Rter yields the flux of 3He. Comparing this with the average geothermal beat flow in Lake Baikal (71 :t 21 mW m-2 [Golubev et al., 1993] ), we obtain a heat/3He ratio of 1.1 to 2.6x 10-6 J atom-I. In submarine hydrothermal systems, heat/3He ratios range from 0.04 to 2.6 x 10-6 J atom-1 [Lupton et al., 1989] . Hydrothermal activity combined with high advective geothermal beat flow is known to occur in the notthem basin [Golubev et al., 1993] . Kipfer et al. [1996] traced the helium-rich plume of a subaquatic spring at Frolikha Bay that was flowing toward the deep part of the basin. Since helium concentrations measured in the various springs in the vicinity of the notthem basin vary by a factor of 50 (Table 2) , it is not possible to calculate the water discharge of the springs and the total input of helium into the basin.
A Simple Model for Advective Bottom Water Renewal
The peculiar structure of the vertical temperature, salinity, helium, and tritium profiles (Figures 2 and 4) indicates that the renewal of the bottom wateT must be mainly the result of large-scale advection. This hag been described in detail by Hohmann et al. [1997] and will be summarized only briefly hefe.
River-induced deep wateT renewal in the central basin is associated mainly with the Selenga River, the major inflow J02, ~ol L-I yr- entering the lake at the boundary between the southem and central basins. KukUi Canyon cuts into the northem slope of the Selenga Delta, leading flom near the shore to the deep part of the central basin. During April and early May, cold and relatively saline water flom the Selenga River mixes with lake surface water near the river mouth, forming a relatively dense plume thai flows along and down the canyon to the deepest part of the lake . The 3He concentration in a water sampie taken in the canyon (position K2, Figure 1 ) on May 15, 1995, confirms the flow of "young" surface water along the bottom of the canyon (Figure 4b ). The 3He concentration at K2 is still close to the atinospheric equilibrium value, and the 3He excess is significantly smaller than thai at a similar depth at Cl.
An analogous phenomenon is to be expected for thai part of the Selenga inflow entering the southem basin. In fact, distinct temperature and salinity signals recorded in June 1993 and May 1995 indicate thai water flom the Selenga River, or another inflow, reaches the very bottom of the basin. However, the signals are restrict~d to the small 2-5 m bottom layer at the deepest part of the basin. So far, in contrast to the central basin, we have not been able to trace the penetration of a plum~ of river water into the southem basin directly. Possibly, the absence of a topographic structure comparable to the Kukui Canyon fenders detection more difficult.
In the northem basin we found a distinct cold bottom boundary layer in May 1995 with a volume of 40-80 km3 covering an area of --4000 km2. A low-temperature signal was also recorded in June 1993, but at thai time it was restricted to the very deepest part of the basin. From a detailed set ofCm profiles we were able to identify Academician Ridge, separating the cold, relatively saline wateT of the central basin from the warmer and slightly less saline wateT of the northem basin, as the origin of the cold bottom wateT detected in 1995. At the ridge, horizontal mixing produces wateT that can sink on either side of the sill. While in the central basin the wateT mass remains at an mtermediate depth, in the northem basin it sinks to the bottom.
The following simple model is based on these phenomena. Its applicatiop to 3He serves to estimate the total volume of surface wateT flowing to the bottom by largescale advection. The mass balance of 3He in the bottom layer of mean thickness h is described by the equation 3. The helium concentration in the advective plume is set equal to the saturation value at 3.5°C (3Headv ~ 3Heeq (3.5°C) = 6.l7x 10-14 cm3 STP g-I [Weiss, 1971; Benson and Krause, 1980] ), implying thai the plume originates from a weIl-mixed surface layer which is in atmospheric equilibrium. Because the effect of entrainment in the wateT 3 column on Headv is neglected, the absolute value of the denominator of (6) tends to be too large. Thus the resulting kadv value represents a lower limit to the overall advective transport into the bottom layer.
4. Since information on vertical diffusion is lacking, we use Kz = 10-4 m2 s-I in all three basins. This is a typical value für the weakly stratified hypolimnia of deep lakes [Wüest, 1987] .
The different terms of (6) and the resulting exchange rates are listed in Table 5 . The absolute advective transport, Qoov, is calculated Its the product of kadv and the volume ofthe respective bottom layer. Table 5 shows thai the mass balance of 3He is dominated by the decay of tritium; its contribution exceeds the effect of diffusive mixing by a factor of 2. Changing Kz by :t500;o causes kadv and Qadv to change by :t20% or less. The terrigenic 3He flux is negligible.
In the southem basin the advective flow is virtually zero, and between 1992 and 1993 it is even negative. However, in 1992 there was only ODe single sampIe collected below 1200 m, and the volume-weighted mean 3He concentration is therefore poorly defmed. Nevertheless, the calculations confIrm the previous observation thai bottom wateT renewal was slight in this basin between 1992 and 1995.
In the central basin a total surface wateT volume of 10-20 km3 yrI is required to explain the observed mean 3He concentrations in the bottom la,yer. Hohmann et al. [1997] have shown thai a total volume of about 2.5 km3 yrI from the Selenga River has the potential to reach the bottom of the central basin. An additional 7.5-17.5 km3 yr-I of wateT from the surface mixed layer are therefore necessary to produce the required Qadv' According to a salinity balance the descending plume observed in Kukui Canyon at 400 m depth (position K2) consists of approximately one-third Selenga waterand two-thirds lake surface wateT . Thus it is 1ikely thltt bottom wateT renewal in the central basin is to a 1arge extent accomp1ished by a mixture of river wateT and lake surface wateT from the delta region.
The largest advective transport, about 150 km3 yr-I between 1992 and 1993 and 80 km3 yr-I between 1993 and 1995, is found in the northem basin. The latter value coincides remarkably weIl with the vol~e of the cold bottom layer detected in the northem basin in spring 1995 . In contrast to the central and southem basins, bottom wateT renewal in the northem basin is primarily induced by the mixing of wateT masses from the central and northem basins at Aca,demician Ridge.
The fluxes into the 200 m thick bottom layers ofeach individual basin derived from the vertica1 ve10cities given by Killworth et al. [1996] are ofthe same order ofmagnirode. Independent confIrmation ofthe results obtained from (6) Equation (6) is evaluated separately for each basin. The bottom layers are defm~d as foliows: southem basin, depth > 1200 m; central basin, depth> 1400 m; northem basin, depth > 700 m; that is, each bottom water reservoir is -200 m thick. The following approximations are made.
1. The 3He c9ncentration in the bottom layer is calculated as the average of the volume-weighted means from two consecutive expeditions (i.e., 1992-1993 and 1993-1995).
(6) by calculating the mass balance of other tracers such as CFCs would be helpful. Because of the noisiness of the data set the uncertainties in the spatial and temporal gradientsof4He and tritium are too big to allow their ma~s balances in the bottom layers to be evaluated meaningfully.
. 
Summary and Conclusions
A detailed analysis of He, Ne, and 3H in Lake Baikai between 1992 and 1995 shows that the water masses from the central and southem basins have a similar composition and vertical structure. In the northem basin an injected terrigenic helium component is resulting in high 4He concentrations and relatively low 2oNe/4He ratios. The 3He/4He ratio ofthe injected terrigenic component is remarkably similar to the value reported by Craig and Lupton [1978] für the helium injected into Lake Tanganyika. The geochemical implications ofthis observation remain unclear.
Deep water renewal rates calculated from volumeweighted means of 3H-3He ages below 250 m depth are -10% yr-l in the southem and centra1 basins and -15% r-l in the northem basin. In the southem basin the mean H-3He age below 250 m depth increased steadily from 9.6 years in 1992 to 11 years in 1995. Apparently, during these years, vertical exchange was not efficient enoUgh to prevent the accumulation of tritiogenic 3He. Over longer periods of time the mean 3H-3He age in the central and northem basins seems to be fairly constant. The distinct decrease in 3He concentration and in 3H-3He age with depth in the lowermost 100-300 m implies that the renewal of the bottom layer is the result of largescale advection. This is not necessarily the case in the water column above the bottom layer, where the distribution ofthese tracers could be explained by the effect ofvertical diffusion and ofthe radioactive decay oftritium.1n the southem basin the advective transport of surface water to the bottom layer, calculated from the 3He balance für the period from 1992 to 1995, is practically zero. However,the concentrations measured in 1992 indicate that at some point previously, the renewal of the bottom layer must have been more intense. In the central basin, advective bottom water renewal OCCurS at the rate of between 10 and 20 km3 yrl, and in the northem basin the rate is between 80 and 150 km3 yr-l. In the central basin, and most likely in the southem basin, bottom water renewal is to a large extent controlled by the discharge rate and the water temperature ofthe Selenga . Deep water mixing in the northem basin is controlled mainly by the magnitude of lateral mixing at Academician Ridge between water from the central and northem basins . The mixing ofwater masses at the sill provides a significant supply of cold and young surface water flowrng to the bottom of the northem basin, where it forms a cold bottom boundary layer as observed in spring 1995. The large advective bottom water renewal rates in the northem basin are also reflected in the distribution of tritium ( Figure 4c) ; between 1992 and 1995 the decrease in 3H concentration below 600 m was much smaller than would be expected from r~dioactive decay alone. This can only be explained by the downward mixing of large quantities of surface water to the deep part of the basin.
'" 'öl) ";' Õ E-"--00 :#8 (.) ,.,., In the southem basin the intensity of deep wateT renewal now seems to be smaller than the long-term average. At the present time we are not able to decide whether the steady increase in mean 3H-3He age below 250 m is the manifestation of a long-term sawtooth fluctuation as observed in some Swiss lakes [Livingstone, 1993 [Livingstone, , 1997 or whether it indicates that the basin is shifting toward a permanent state of reduced deep wateT renewal. The latter could have severe implications foT the lake's unique ecosystem.
